Pomegranate is a rich source of polyphenols, which are believed to be responsible for the oestrogenic activities of extracts of this fruit in mice. One of these potential activities is the prevention of bone loss. The objectives of the present study were to determine the effects of pomegranate extract on chondrogenesis and osteogenesis in mouse embryos in vivo and limb bud cultures in vitro. A total of fifty pregnant Balb/c mice were given vehicle, pomegranate juice extract (PJE), pomegranate husk extract (PHE) or a mixture of husk and juice extract (PME). Their embryos were stained with alizarin red S and alcian blue, and the length of the femur, tibia and their ossification zones were measured on day 19 of gestation. Bone Ca content in pregnant mice was also measured. Mice treated with PJE showed an increase in bone Ca content. Dietary supplementation with all extracts significantly increased embryo femur length and osteogenesis index. Mesenchymal cells from fetal limb buds were cultured and exposed to 10, 100, 1000 and 10 000 mg/ml of PJE, PHE or PME. The number of viable cells was greater in cultures exposed to the extracts than in control cultures. The number of cartilage nodules and their diameters were greater in extract-treated cell cultures, a finding which reflected increased cell proliferation and differentiation rates. In conclusion, the findings of the present study suggest that pomegranate is able to enhance bone formation.
Pomegranate (Punica granatum L., a member of the Punicaceae family) is native to Iran and the Himalayan region of India, and is one of the oldest known fruit species (1) . Pomegranate fruits contain numerous arils ranging in colour from white to deep red. Each aril consists of a dense white portion or husk in the centre, surrounded by tart red juice. The principal constituents of pomegranate juice are anthocyanins, ellagic acid, gallic acid and numerous minerals. Pomegranate seed oil contains punicic acid, ellagic acid, steroidal oestrogen, oestrone and non-steroidal phytooestrogens (2) including comesten, coumoestrol, and isoflavones, genistein and daidzein (3) . Phyto-oestrogens such as coumoestrol enhance osteoblast proliferation in neonatal and adult mice (4) . Oestrogens play an important role in the growth and maintenance of numerous tissues, and act through intracellular oestrogen receptors (ER) (5) . ERa and ERb receptors are expressed in bone (6, 7) , and the expression of ER increases substantially during bone mineralisation (6) . The phyto-oestrogen genistein shows higher affinity for ERb than for ERa (8) , a finding which suggests that dietary phytooestrogens can play a role in bone remodelling (9) . In this connection, Mardon et al. (10) demonstrated an increase in bone mineral density (BMD) in rat fetuses exposed to isoflavones.
The administration of pomegranate extract to ovariectomised mice normalised BMD and increased bone volume and trabecular number. It was also clinically effective in improving depressive state and reducing bone loss in women with the menopausal syndrome (11) . Pomegranate extract prevented chondrocyte damage and changes in the matrix proteoglycans of the tibiofemural joints in a mouse model of osteoarthritis induction (12) .
Despite these earlier findings, we found no published studies designed to investigate the effects of pomegranate fruit on bone histogenesis under normal conditions, particularly during the embryonic period. We hypothesised that pomegranate can improve chondrogenesis and osteogenesis. Because the mother's diet affects the fetus, the present study was designed to investigate the effects of feeding with pomegranate extracts on the chondrogenic and osteogenic potential of fetal limb bud mesenchymal cells in an in vitro and in vivo mouse embryo model.
Materials and methods

Extract preparation
P. granatum L. cultivar Rabbab fruits were collected from the town of Eig located at 548, 14 0 , 26.39 00 E, 298, 00 0 , 46.27 00 N (Estahban, Fars Province, Southern Iran) and the species was verified by a pomologist at the Horticultural Science Department, School of Agriculture, Shiraz University, Shiraz, Iran. The pomegranates were peeled and the arils were separated. The husks (seeds) and juice were separated in a mixer. Pomegranate juice (400 ml) was obtained from 500 g arils, and was then condensed to 100 ml at 608C using a water-bath and a dessicator. The yield (w/w) of the juice extract was 16 % (g/g). The husk extract was obtained with the percolation method. Husks were dried and powdered in a dessicator for 24 h, and 1·60 g husk extract was obtained from 30 g powdered husks. The final yield was 5·3 % (g/g) powdered extract.
In vivo study
A total of fifty female Balb/c mice weighing 30 -40 g were obtained from the animal house of Razi Institute in Shiraz. The animals were adapted to the laboratory conditions for 2 weeks before the beginning of the experiments. The animals were housed under controlled temperature (22 -248C) and light conditions with a 12 h light -12 h dark period. All mice had free access to food and tap water. The animal experiments were approved by the Institutional Animal Ethics and Health Committee of the Biology Department of Shiraz University, and were performed according to the principles of the care and use of laboratory animals established by the National Institute of Health. Female mice were caged with males and insemination was verified the following morning by checking for the presence of a copulation plug in the vagina. The day the vaginal plug was observed was considered day 0 of pregnancy. The mice were weighed on days 5, 8, 12 and 15 of gestation.
Pregnant mice were divided into one control and three experimental groups (n 10). In the three experimental groups, pregnant mice were given a daily oral dietary supplement containing pomegranate juice extract (PJE, 3·3 ml/kg), pomegranate husk extract (PHE, 1·0 g/kg) or a mixture of equal parts of husk and juice extracts (PME) between days 8 and 18 of gestation, the period when the embryonic limb buds are developing. The control group received only equal volumes of distilled water under similar conditions. The different doses of extracts were suspended in 0·2 ml distilled water.
On day 19, the embryos in each group were weighed and their crown-rump lengths (CRL) were measured. The embryos were then fixed with formaldehyde. All embryos were examined for congenital malformations by stereomicroscopy.
Osteogenesis index measurement
A total of 120 fetuses were fixed in 95 % ethanol, and were skinned and eviscerated. They were defatted in acetone for 2 d and were stained with a mixture of alcian blue (Merck, Darmstadt, Germany) and alizarin red S (Riedel-de Haen, Seelze, Germany). The fetuses were cleared in a series of decreasing concentrations of KOH in glycerine and then kept in glycerine. The cartilaginous skeleton was stained blue, and the ossified skeleton was stained red. Total femur and tibia length and the length of their ossified zones were measured under a stereomicroscope equipped with a ruled eyepiece (Zeiss, Mc-80; Jena, Germany). The osteogenesis index was calculated by dividing the ossified length by the total length of each bone (Fig. 2 ).
Histological study
A total of sixty-two fetuses were fixed in 10 % buffered formalin and embedded in paraffin (13) . Then, 5 mm-thick longitudinal sections were prepared and stained with haematoxylin -eosin, and then examined under a light microscope to search for the evidence of pathological changes.
Lectin histochemistry
Deparaffinised and dehydrated sections were incubated in PBS containing 0·1 mM-CaCl 2 , MgCl 2 and MnCl 2 . The endogenous peroxidase was blocked by incubating the sections in 1 % H 2 O 2 in methanol for 10 -15 min. The specimens were then incubated with peroxidase-conjugated lectins (Sigma, St Louis, MO, USA) for 2 h at room temperature. The lectins of Ulex europeaeus agglutinin, Bandeiraea simplicifolia agglutinin (BSAI-B4) and concanavalin A, which bind to a-L-fucose, galactose and a-D-glucose, respectively, were used at a final concentration of 10 mg/ml. After washing, the binding sites were visualised by incubating the sections in 0·03 % diaminobenzidine containing 200 ml H 2 O 2 in PBS for 10 min. Then, the sections were counterstained with alcian blue (0·5 %). Photographs were taken with a digital camera. The intensity of the reaction to each lectin was assessed with Image-Java software (http://mac.softpedia.com/get/ Graphics/ImageJ.shtml).
Calcium content measurement
The femurs of pregnant mice were allowed to dry for 24 h at 568C. The air-dried bones were then ashed at 5208C for 20 h in an oven (Model 10500, Thermolyne, Dubuque, IA, USA). The bone was then powdered, and 0·03 g of the powder were dissolved in 250 ml HCl; this solution was then diluted with 31 ml distilled water. Standard solutions were prepared to contain 0·2 g CaCl 2 in 2 % HCl (density 720 parts per million). Stock solutions were diluted to 0·03 parts per million. 
Limb bud assay
On day 12 of gestation, the fetuses were removed, the extraembryonic membranes were separated, and then the limb buds were cut away and collected in PBS containing penicillin/ streptomycin. The ectoderm was separated from underlying mesenchymal tissue by incubation in 0·8 U/ml dispase (Sigma) for 1·5 h at 378C. Mesenchymal cells were dissociated in 0·1 % trypsin (Sigma) for 20 min at 378C. Cell viability was assessed by trypan blue exlusion. The number of viable cells was adjusted to 2·5 £ 10 7 . High-density micromass culture was performed by placing 10 ml of the cell suspension in the centre of each well of a twenty-four-well plate followed by incubation for 1·5 h at 378C. Each control well was then flooded with 0·5 ml Dulbecco's modified Eagle medium/Nutrient Mixture F-12 (Sigma) containing 10 % fetal calf serum, 1 % L-glutamine, and 1 % penicillin-streptomycin. PJE, PHE and PME were added to the culture media at concentrations of 10, 100, 1000 and 10 000 mg/ml. Osmolality of the extractcontaining media was adjusted to 300-320 mOsm with an osmometer (model 030; Gonotec GmbH, Rinteln, Germany). The medium was replaced every day. All cells were incubated at 378C with 5 % CO 2 for 9 or 14 d (14) . Cell viability was assessed by neutral red (0·05 %) for 2 h at 378C, after which the cells were fixed in formal Ca for 1 min at room temperature and washed for 2 min in saline. Subsequently, 1 ml alcohol acid was added and the mixture was incubated for 2 h at room temperature. The optic density of the eluted neutral red in alcohol acid was measured at a wavelength of 540 nm in a spectrophotometer (Shimadzu UV-120-01, Kyoto, Japan).
The cells were then rinsed in saline, fixed in Kahle's fixative for 20 min and stained with alcian blue (1 % in 3 % acetic acid) overnight. Chondrogenesis activity was assayed by counting the number of nodules and measuring their diameters. The intensity of the reaction to alcian blue indicated the amount of proteoglycan secreted by newly differentiated chondrocytes.
A similar method was used to quantify Ca content of the matrix by 1 % alizarin red S staining in cells cultured for 9 or 14 d. Ca content was also assessed by the Von Kossa staining method. The cells were washed with PBS, fixed in 10 % formalin for 2 h, and then stained with 2·5 % aqueous silver nitrate for 30 min. The cells were then rinsed and air-dried. The number and diameter of osteogenic areas were measured with stereological software designed ad hoc at our laboratory after calibration with an ocular micrometer.
Statistical analysis
The results are presented as means and standard deviations. Data were analysed by ANOVA. Tukey's, Scheffé's and the least significant difference method as post hoc tests were also performed. A P value , 0·05 was accepted as a statistically significant difference.
Results
Effects of the extracts on pregnant female mice
The body weight of pregnant mice was not affected by feeding with the pomegranate extracts. However, all extracts increased bone Ca content in pregnant mice ( Table 1) .
Effects of the extracts on fetuses in vivo
Weight and CRL were significantly smaller in the fetuses of PME-treated mice. Treatment with PJE and PHE did not significantly influence these indices compared with the control group. The effects of PJE and PHE on CRL and weight were smaller than in the PME group, therefore the weight and CRL of fetuses from these groups were significantly higher than in fetuses from the PME group (Table 1 and Fig. 1 ). Fetuses from pregnant mice fed with a diet containing pomegranate extract did not show any craniofacial abnormalities or limb defects, as indicated by gross observations.
The alcian blue/alizarin red S staining technique showed that total femur length was significantly longer in the fetuses of PJE-treated mice, whereas tibia length was not significantly different compared with the control group. However, the osteogenesis index in the tibia and femur was significantly increased in PJE-, PHE-and PME-treated fetuses compared with the control group. In the femur, the highest ossification index was observed in the PJE-treated group, and the difference was significant compared with the PME-treated group. In the tibia, the ossification index in fetuses from the PHE group was larger than in PME-treated mice ( Table 2 and Fig. 2 ). These data indicated that the ossified zones of the limb bones were longer in extract-treated fetuses compared with the controls. Light microscopic observations revealed no pathological changes such as necrosis, abnormal cells or congestion in longitudinal sections of fetuses (Fig. 3) . The liver and kidneys were normal in both fetuses and their mothers.
Daily dietary supplementation with PJE changed the proteoglycan content of the fetal cartilage matrix. In the vertebral column, chondrocytes and the extracellular matrix of the cartilage reacted more intensely to BSAI-B4 in PJE-treated fetuses compared with control fetuses. There were no significant differences in the intensity of the reactions to U. europeaeus agglutinin and concanavalin A in the cartilage or bone after extract treatment. However, both concanavalin A and BSAI-B4 showed stronger reactions in the PHE-treated group compared with the PME-treated group ( Table 2 and Fig. 4 ).
In vitro study
Cell viability was first assessed after 9 d of culture with each extract. All three extracts at a concentration of 10 000 mg/ml were toxic, and cell viability decreased significantly. Cell viability in cultures exposed to 100 mg/ml of PJE was significantly higher than in the other two groups. After 14 d, cell viability decreased significantly in the presence of 10, 100 and 1000 mg/ml of PJE and PME in comparison with control cultures (Table 3) .
After 9 d of incubation, the diameters of the cartilage nodules increased significantly in the presence of 1000 mg/ml PHE, 100 and 1000 mg/ml PJE and 10 mg/ml PME. Moreover, cells treated with PHE at 1000 mg/ml formed more nodules than control cultures. Between-group statistical analysis revealed significant differences in mean nodule diameter between cultures exposed to different doses of the various extracts (Table 3) .
After 14 d of culture with each extract, the mesenchymal cells formed ossifying areas with significantly larger diameters in the presence of the extracts compared with control cultures. However, lower doses of the extract decreased the number of ossified areas (Table 3 and Fig. 5 ). In other words, the number of cells that differentiated into osteoblasts was lower than in control cultures, although the differentiated cells precipitated more in the extracellular matrix. Statistical analysis showed that lower doses of each extract led to larger reductions in the number of nodules on days 9 and 14 of cell culture, especially in groups PHE and PME, compared with cultures exposed to the highest doses (Table 3) . However, after 9 d of culture, the highest dose of each extract increased nodular diameter significantly more than the lower doses did (Table 3 ).
Discussion PME fed to pregnant mice reduced the weights and CRL of their fetuses. In the PHE and PJE groups, pregnant mice gained less weight than those in the control group. The smaller fetuses may have been responsible for the lower weight gain in these two groups. Fetal weight and CRL are influenced by various internal and external factors. A reduction in blood cholesterol and glucose has been reported after treatment with pomegranate juice or pomegranate seed oil (15, 16) . Punicic acid found in pomegranate seed oil led to a reduction in body fat mass, body mass and blood cholesterol (17) . Other studies (18) have documented the anti-obesity and hypolipidaemic effects of some flavonoids. Phyto-oestrogens such as genistein have been shown to decrease adipose deposition (19) . These components of the pomegranate extracts that we tested probably contributed to the lower weight gain in pregnant mice and their fetuses.
We found no morphological abnormalities such as craniofacial or limb defects on gross observations of the fetuses. In serial longitudinal sections, no pathological changes were evident in any of the tissues, including the kidneys and liver. Therefore, the pomegranate extracts appeared to be safe for the fetus.
Dietary supplementation with the pomegranate extracts in pregnant mice increased femoral length and bone osteogenesis index in the fetuses. This index can be influenced by Ca content, and the Ca required for ossification in the developing fetus may come from the mother's blood and bone reserves. Feeding with PJE increased bone Ca content in pregnant mice. We therefore suggest that pomegranate extract may improve ossification in fetuses without side effects such as osteopoenia in their mothers. Other researchers have also shown positive effects of pomegranate extract on bone properties in the menopausal syndrome (11) and in a model of osteoarthritis (12, 20) . Coumoestrol, one of the phytooestrogenic components of pomegranate, was found to enhance neonatal and adult mice osteoblast proliferation (4) . Isoflavonoids, another phyto-oestrogen in pomegranates, increased BMD in fetuses (10) . These phyto-oestrogens have been reported to pass through the placenta and reach the embryonic circulation (21) . The present in vitro data showed that the extracts may have indeed influenced bone matrix precipitation. This effect may be attributable to the flavonoids in the extracts. Another main component of pomegranate juice and seed oil is ellagic acid (2) . A recent study (22) has demonstrated that ellagic acid has osteoblastic activity and influences osteoblastic differentiation and bone extracellular matrix formation in vitro. In this connection, it was found that phyto-oestrogens were transferred from the mother to the fetus. Therefore, pomegranate extracts can favour BMD and increase the osteogenesis index without causing congenital disorders. Other studies (23, 24) have reported that the phyto-oestrogen genistein is also non-toxic for fetuses. Our observations confirmed that feeding with the extracts led to no histopathological changes or toxic effects in the fetus (25) .
We found that galactose-containing components were strongly expressed in the vertebral cartilage. Glycoconjugates play important roles in cell differentiation and developmental processes. We showed that the uptake of BSAI-B4 was significantly higher in fetuses from PJE-and PHE-treated mice compared with those from the control group. In this connection, an isoform of this lectin was shown to selectively visualise prechondral aggregations (26) . The present findings thus suggest that the differences between groups in the expression of BSAI-B4-containing glycoconjugates may be related to a positive effect of the extract on the differentiation potential of mesenchymal cells towards chondrogenesis and osteogenesis.
Our viability tests showed higher numbers of viable cells in cultures exposed to the extract than in control cultures, especially on day 14. The extract-treated cells formed larger chondrifying nodules after 9 d, and thereafter the size of the nodules decreased, as shown by measurements made on day 14, while nodular counts showed the opposite trend. In general, extract-treated cultures showed higher viability, larger nodular diameters and more nodules than control cultures. These differences may be attributable to higher rates of cell division and differentiation, as well as a higher rate of matrix formation. Our observations are further evidence that the content of the extract induced chondrogenesis and osteogenesis. In this connection, the phyto-oestrogen genistein has been previously found to stimulate bone mineralisation in vitro (27, 28) . In addition, Feijoa sellowiana leaf extract (rich in ellagic acid) significantly increased mineralisation in two human osteoblast cell lines in vitro (29) . Coumoestrol has been shown to inhibit bone resorption in rat limb buds in vitro (30) . Daidzein and genistein have been reported to have stimulatory effects on protein synthesis and alkaline phosphatase release by osteoblasts in vitro (31, 32) . The mechanisms through which genistein and daidzein suppressed osteoclast activity have been debated in several studies, and include the induction of apoptosis, activation of protein tyrosine phosphatase, inhibition of cytokines, changes in intracellular Ca 2þ and membrane depolarisation (33 -36) . The evidence from this earlier work is consistent with the present finding that on day 14, cell viability and nodular number were reduced in mesenchymal limb bud cultures from mouse embryos. This result may be attributable to increased mineralisation and bone matrix formation. In turn, higher mineral precipitation and matrix formation may have induced a higher rate of cell death. The variations we saw in the degree of the effects of the different pomegranate extracts may be related to different constituents in the extracts.
In summary, we conclude that although pomegranate extracts can reduce CRL and body weight in mouse fetuses, they also promote the differentiation of mesenchymal cells into cartilage and bone both in vivo and in vitro. (e) (f) (g) (h) Fig. 5 . Mesenchymal cells exposed to different pomegranate extracts and stained with (a, b) alcian blue, (c, d) alizarin red S or (e-h) Von Kossa stain. On day 9, cells exposed to (b) 1000 mg/ml pomegranate husk and juice extract had more cartilage nodules with larger diameters than (a) control cell cultures (15 £ ). On day 14, cells exposed to (d) 10 mg/ml pomegranate husk extract and stained with alizarin red S had fewer nodules with less Ca content compared with (c) control cultures (100 £ ). On day 14, cells exposed to (f) 10 mg/ml pomegranate husk and juice extract and stained with Von Kossa stain had fewer nodules with smaller diameters compared with (e) control cultures (100 £ ). On the same day, cells exposed to (h) 10 mg/ml pomegranate husk extract and stained with silver nitrate had fewer nodules with smaller diameters compared with (g) control cultures (40 £ ).
